Our goal in this study was to determine whether maternal fat intake before or during pregnancy was associated with risk of autism spectrum disorder (ASD) in the offspring. Our primary analysis included 317 mothers who reported a child with ASD and 17,728 comparison mothers from the Nurses' Health Study II (index births in 1991-2007). Dietary information was collected prospectively through a validated food frequency questionnaire. Binomial regression was used to estimate crude and adjusted risk ratios. Maternal intake of linoleic acid was significantly inversely associated with ASD risk in offspring, corresponding to a 34% reduction in risk in the highest versus lowest quartiles of intake. Mothers in the lowest 5% of ω-3 fatty acid intake had a significant increase in offspring ASD risk as compared with the remaining distribution (risk ratio = 1.53, 95% confidence interval: 1.00, 2.32); this association was also seen in the subgroup of women (86 cases and 5,798 noncases) for whom dietary information during pregnancy was available (risk ratio = 2.42, 95% confidence interval: 1.19, 4.91). Thus, variations in intake of polyunsaturated fats within the range commonly observed among US women could affect fetal brain development and ASD risk. Because the number of women with diet assessed during pregnancy was small, however, these results should be interpreted cautiously. autism; dietary fat; linoleic acid; ω-3 fatty acids; ω-6 fatty acids; polyunsaturated fatty acids Abbreviations: ASD, autism spectrum disorder; CI, confidence interval; FFQ, food frequency questionnaire; NHS II, Nurses' Health Study II; PUFA, polyunsaturated fatty acid.
Autism spectrum disorders (ASDs) are defined by significant deficits in communication and social functioning and by the presence of repetitive behaviors. Less than 25% of cases can be accounted for by known causes; for the remainder, multifactorial etiology, including both genetic and environmental factors, is likely (1, 2) . Research indicates structural and functional brain differences in children with autism and points to the perinatal and neonatal periods as etiologically relevant time frames (3, 4) . Several maternal prenatal factors also have been shown to influence risk of ASD (5) .
Although maternal nutrition is essential to fetal development, relatively little research has been dedicated to the topic of maternal diet in association with ASD. Maternal intake of fatty acids has been associated with birth weight, gestational age and length, and offspring intelligence quotient (6) (7) (8) , but no prior report has specifically addressed maternal intake of these fats in association with ASD. Maternal fish intake, a source of ω-3 fatty acids, has been examined in association with broader child developmental outcomes, though results are somewhat conflicting (9) (10) (11) . Given the known importance of fatty acids in brain development and the correlation between maternal intake and availability to the developing fetus, determination of whether maternal fatty acid intake alters ASD risk is a logical and potentially informative next step for ASD research.
In this study, we examined maternal intake of fats and risk of having a child with ASD. We used data from a large national cohort, the Nurses' Health Study II (NHS II), to address whether women with high and low intakes of fats and fatty acids differ in risk of having a child with ASD. In particular, we hypothesized that high maternal intakes of ω-3 and other polyunsaturated fats might be protective against ASD because of their role in brain development, and conversely, that low intakes would increase risk.
MATERIALS AND METHODS
The study population is drawn from the NHS II, an ongoing, large US cohort of female nurses who were 25-42 years of age when recruited in 1989 to be followed up by mailed biennial questionnaires. Since baseline, 116,430 nurses have reported on their medical conditions and lifestyle factors and, more recently, on conditions in their children. Additional details of the cohort have been reported previously (12) , and all NHS II questionnaires are available online at http://www.channing.harvard.edu/nhs/?page_id=246. Only women with index births between 1991 (the year of first collection of dietary information) and 2007 were included in primary analyses. Index pregnancies were defined as the case birth for nurses reporting a child with ASD, and, for multiparous mothers not reporting a child with ASD, 1 child was randomly selected for the purpose of comparing diet before or during pregnancy. After exclusions, 18,045 women were available for analysis in this study ( Figure 1 ).
Case definition
Cases were defined according to maternal report of autism, Asperger syndrome, or pervasive developmental disorder not otherwise specified (PDD-NOS) on the NHS II 2005 and 2009 questionnaires. Information on case year of birth was obtained from the NHS II questionnaires or in a follow-up study. Women reporting a child with ASD in either 2005 or 2009, but not both, were included only if 1) the reason for nonreporting on the other questionnaire was nonparticipation in that questionnaire year; 2) the nurse confirmed the diagnosis in a previous substudy; or 3) for women reporting on the 2009 questionnaire only, the child was born after 2000 (in which case, the child might have been too young for report of diagnosis by the 2005 questionnaire mailing). Noncases were defined as women who did not skip either ASD question and did not report any ASD at any time point. Women reporting competing diagnoses (fragile X syndrome, Rett syndrome, tuberous sclerosis, Down syndrome, trisomy 18; n = 6) in a previous substudy were not included.
In a subgroup of 50 cases, the Autism Diagnostic InterviewRevised (13) was conducted over the phone as part of our follow-up study conducted in 2009. Of these, 43 (86%) met full diagnostic criteria for ASD; the remainder narrowly missed domain cutoffs but met the ASD onset criterion and at least 1 other domain (5 cases missed by just 1 point in 1 domain; 2 met 1 or 2 domains). In addition, Social Responsiveness Scales (14) were sent to participants in a nested case-control study in NHS II for further diagnostic validation. Results from Social Responsiveness Scale T-scores also suggested a high degree of validity, with 94% of persons with maternally reported ASD falling within the ASD range according to established cutoffs (14) and 93% of individuals whose mothers reported no ASD falling within the "normal" range.
Exposure information
Information on dietary factors was collected by a 131-item food frequency questionnaire (FFQ), which has been used and described in numerous studies (15) (16) (17) . Briefly, the FFQ items assess how often, on average, during the previous year a person has consumed foods and beverages. Nine options for frequency of intake, ranging from never or 1 time per month to 6 times per day, are given per item, and on the basis of these values and serving sizes, nutrient contents are calculated with information from the US Department of Agriculture and from food manufacturers. The reproducibility and validity of the FFQ have been demonstrated; in particular, total fat has been validated by changes in blood lipid levels, and FFQ-measured intake of specific fatty acids has been shown to correlate well with both diet records (Pearson correlation coefficients ranging from 0.48 to 0.73) and fatty acid composition of subcutaneous fat aspirates (r = 0.48 for ω-3; r = 0.51 for trans-fat) (17) (18) (19) (20) .
FFQs were administered every 4 years beginning in 1991. Primary exposures were the major types of fat, including total, saturated, monounsaturated, trans, and polyunsaturated fatty acids (PUFA), among which are the following fatty acids: ω-3, ω-6, eicosapentaenoic acid, docosahexaenoic acid, α-linolenic acid, linoleic acid, and arachidonic acid. Primary analyses of ω-3 and -6 total fatty acids did not include intake from supplements. Fish intake, as a main food source contributor of these PUFAs, was also examined. All nutrient intakes were adjusted for total energy intake by the residual method (21) .
Statistical analysis
For the primary analysis, only exposure information collected from the FFQ before the birth of the index child was used. In a secondary analysis, we also included individuals who reported breastfeeding and who completed an FFQ within 1-2 years after the index child's year of birth. Dietary intakes of fats and fish were categorized in quartiles. Categories for the highest and lowest 10% of the distribution of intake were created to determine if relative extremes of intake were associated with ASD, as compared with the middle 80% of the intake distribution. Similarly, the highest 5% and lowest 5% of the distribution of intake were compared with the remaining 90% of the distribution for primary fats of interest to examine the effect of very high and low intakes.
In univariate analysis, demographic and lifestyle factors were compared between quartiles of intake of fats. Binomial regression was used to estimate crude and adjusted risk ratios for ASD (22, 23) , with the lowest quartile of intake of a particular nutrient as the referent. Tests of trend were conducted with the ordinal score test, with the median value used for each quartile. Potential confounders were selected on the basis of a priori knowledge and associations with exposures and outcome. Multivariate models included, in addition to total calories, maternal race (binary: white or other, given that 96% of the NHS II is white), maternal age at index birth (continuous), child's year of birth (continuous by year), household income level (3 indicators for <75,000, 75-99,000 (referent), and ≥100,000, plus a missing indicator), maternal smoking status before pregnancy (regular smoking: yes or no), and maternal body mass index (weight (kg)/height (m) correlation between dietary factors, we further considered adjustment for intake of protein, whole grains, alcohol, fruit, and vegetables, as well as for multivitamin use, physical activity, child birth order, and maternal pregnancy complications, including gestational diabetes. Because adjustment for these factors did not materially alter results, they were not included in final models. In models assessing total PUFA and ω-3 and ω-6 fatty acids, adjustment for trans-fat intake was also considered because trans-fat can affect PUFA metabolism (24) . Likewise, because of the high correlation between linoleic acid and α-linolenic acid, models assessing these fatty acids considered adjustment for the other.
In a second set of models, we used continuous exposure variables created as a percentage of total energy intake. We included in such models total fat, total calories, PUFA, and monounsaturated fat (in addition to confounders listed Child exclusion factors were as follows: missing year of birth (n = 51), indication that the child was adopted (n = 6), failure to confirm ASD in a nested case-control follow-up study (n = 6), or report of a competing diagnosis (Down syndrome, fragile X syndrome, trisomy 18) (n = 6); remaining individuals were excluded on the basis of not meeting the case definition because of reporting the diagnosis on only 1 questionnaire. Primary study group includes 317 cases; pregnancy subgroup includes 86 cases. previously). In these "substitution models," the coefficient for PUFA represents the effect of replacing saturated fat in the diet with PUFA on the risk of having a child with ASD.
Sensitivity analyses
To examine diet more specifically during pregnancy, we also conducted analyses within the subgroup of women whose FFQs corresponded to diet during pregnancy (n = 5,884). Information from this pregnancy subgroup was also used to examine stability of diet over time. Furthermore, we examined the effect of adding to the pregnancy subgroup women with FFQs collected after the birth of the index child but within the range of reported breastfeeding, for an "index period" analysis. We also tested the effect of stratifying by prior pregnancy complications, which could potentially influence dietary intake in future pregnancies.
RESULTS
The primary analyses included 317 case mothers and 17,728 noncase mothers. Table 1 shows basic characteristics of the study population for 3 of the main exposures of interest: total fat, total ω-3 (i.e., n-3) fatty acid, and total ω-6 fatty acid intake. As expected, unhealthy characteristics, including lower physical activity, higher body mass index, higher alcohol intake, and smoking were associated with higher total fat intake and generally lower ω-3 intake. Demographic characteristics of our study population are representative of the NHS II and were overall similar by exposure category, though the prevalence of lower income and nonwhite race was slightly higher in the highest total fat quartile and the lowest ω-3 quartile. These variables were included in multivariable analyses.
In adjusted analyses, saturated fat and trans-fat intakes, as well as fat intake from animal, vegetable, and dairy sources, were not associated with risk of having a child with ASD. In contrast, a decreasing risk was observed for higher intake of total PUFAs (P for trend = 0.008; Table 2 ).
Results for specific fatty acids are shown in Table 3 . Women in the highest quartile of intake of ω-6 fatty acids had a 34% reduction in risk of having a child with ASD compared with those in the lowest quartile (risk ratio = 0.66, 95% confidence interval (CI): 0.47, 0.92); results were similar for In analyses of extreme deciles of fat intake compared with the middle 80% of the distributions, ω-6 fatty acid and linoleic acid continued to show significant associations with ASD ( Figure 2 ). These associations were somewhat stronger than those seen in analyses in which quartiles were used. Furthermore, when the lowest 5% of the distribution of intake was assessed, women with the lowest ω-3 fatty acid intake had a 53% increase in risk of having a child with ASD as compared with women in the middle 90% of the distribution (95% CI: 1.00, 2.32).
Although numbers were small and power reduced in the pregnancy subgroup, there was a statistically significant e P value from test of trend for primary models; Wald P for substitution models. f Models for effect of substituting for saturated fat; models include major types of fat and total fat as continuous variables for percentage of total energy intake, with saturated fat left out of the model. Thus, the coefficient for polyunsaturated fat represents the effect of substituting that percent of energy intake from polyunsaturated for saturated fat. association with low ω-3 fatty acid intake (logistic regression was used because of small case n; odds ratio for the lowest 5% of the distribution of intake = 2.42, 95% CI: 1.19, 4.91; see Web Table 2 , available at http://aje.oxfordjournals.org/). In addition, risk was significantly elevated for those with the lowest 10% of intake of α-linolenic acid (odds ratio = 2.23, 95% CI: 1.30, 3.84) and the lowest 5% of intake of linoleic acid (odds ratio = 2.20, 95% CI: 1.09, 4.46). No other statistically significant associations were seen in the small pregnancy subgroup, though the point estimates for top quartiles were similar to those seen in the primary study group. Correlations in nutrient values from FFQs collected during pregnancy with values from FFQs collected before and after pregnancy were fair for most nutrients, and these correlations between FFQs were the same as for women without an FFQ collected in pregnancy (nutrient correlations in both the pregnancy subgroup and the primary study group across FFQs were approximately 0.5).
When associations in the index period group were examined (which added 9,372 women with diet information during lactation to the pregnancy subgroup), results were consistent overall with the primary analysis. Women in the lowest 5% of intake of linoleic fatty acid had significantly increased risks of having a child with ASD (risk ratio = 1.64, 95% CI: 1.04, 2.59), and women with the lowest 5% of ω-3 fatty acid intake had a 50% increase in risk, though confidence intervals were just overlapping the null.
In assessment of maternal fish intake in association with ASD, no significant associations were seen in either crude or adjusted analyses (Web Table 1 ). Sensitivity analyses that examined alternative case groups and covariates and stratified by prior pregnancy complications yielded similar primary findings.
DISCUSSION
In this subcohort of the NHS II, we found significant associations between maternal PUFA intake and risk of having a child with ASD. Our preliminary findings suggest that increased intake of ω-6 fatty acids could decrease risk of ASD, but these results require replication and further consideration.
Several limitations should be considered in interpreting these findings. Although multiple validation studies, including those in which biological measurements were used, have demonstrated that the reported intake of linoleic acid and other specific fatty acids in this population correlates with tissue composition and several health outcomes (15, (25) (26) (27) (28) , some degree of error is expected. In univariate analyses, this error would tend to bias relative risk estimates toward the null, but bias in either direction is possible in multivariate analyses because of residual confounding (29) . For this reason, although our results support the importance of maternal dietary fat consumption as a risk factor for ASD, the attribution of this association to specific fatty acids should be interpreted cautiously. In addition, because we cannot rule out measurement error in the exposures and confounders, risk ratios provided should be interpreted cautiously. Although results were materially unchanged by adjustment for birth order, residual confounding by birth order cannot be ruled out. However, in analyses stratified by prior pregnancy complications, significant associations persisted in women with no history of prior complications, which suggests that the observed associations were not due to residual confounding by the influence of prior complications on diet. An additional limitation of this study is that maternal dietary information was not collected in pregnancy for all participants. Error from this source is likely to be modest because we had dietary information in close proximity to pregnancy for the majority of our study group. The average lag time between FFQ and birth of the index child was 1.35 years, and exclusion of women with longer lag times did not materially alter the results. Furthermore, evidence indicated that the diet among participants in our cohort was fairly stable both before and during pregnancy (27, 30) .
The overall prevalence of ASD among women who have ever had a child in the NHS II cohort is approximately 1.5%, which is within the range of estimates reported by the Autism Developmental Disabilities Monitoring Network (ADDM) (31) . We cannot rule out the potential for diagnostic misclassification of the outcome because we relied on maternal report. However, the effect of any such misclassification is expected to be small, given the high degree of validity suggested by results from our Autism Diagnostic Interview-Revised diagnostic confirmation subgroup and scores on Social Responsiveness Scale forms. Our results might not be generalizable to all groups, inasmuch as our study population is primarily white and of middle to high income. In this cohort, however, we had the ability to adjust for many potential confounders and to use a validated FFQ in an educated, reliable population.
We analyzed these continuous dietary variables according to quartiles and extremes of the distribution of intake, as well as continuously as a percentage of energy intake. Across these analyses, not all fatty acids demonstrated significant associations according to all categorizations, and we cannot rule out chance findings; however, the pattern of results across analyses suggested an association between maternal PUFA intake, particularly ω-6 fatty acids, and offspring ASD. A significant reduction of approximately 40% in the risk of having a child with ASD was seen for mothers in the highest quartiles of total PUFA intake and ω-6 intake, as compared with mothers in the lowest quartiles of intake of these fats. Increases in risk of having a child with ASD approached statistical significance for very low intake of ω-6, as well. Significant associations with total ω-3 fatty acids, which we had hypothesized to be of primary relevance given their role in brain development, anti-inflammatory processes, and immune function, were seen only when very low intakes were assessed. For specific fatty acids, the only significant associations were seen with linoleic and α-linolenic acids, essential fatty acids that are required from dietary sources. Intakes of these fats, however, are highly correlated, and in analyses in which each of these fats was adjusted for the other, only linoleic acid remained significant. We did not see any association with eicosapentaenoic acid or docosahexaenoic acid, which are 2 ω-3 fatty acids essential to fetal brain development (32), or arachidonic acid, which is also important in brain development (32) . Limited variability in the intake of these specific fatty acids in this population, measurement errors, and high correlation between the fatty acids could have contributed to the nonsignificant results.
Our finding of a significant increase in risk associated with very low ω-3 intake, but no decrease in risk with higher intake, suggests that once minimal ω-3 requirements are satisfied, higher intake might provide little benefit. To our knowledge, no prior study has examined maternal fatty acid intake in association with ASD specifically. However, in several studies of maternal ω-3 supplementation, moderate gains were found in offspring neurodevelopmental outcomes, including intelligence quotient and Bayley Scales of Infant Development scores (6, 9) . Other studies have suggested that docosahexaenoic acid or arachidonic acid supplementation in lactating mothers or in formula has no impact on child outcomes (33, 34) , though it has been suggested that differences in results might be due to the timing of supplementation, given that the uptake of fatty acids is highest during brain growth in late pregnancy (35) .
Maternal intake of fish, a key source of fatty acids, has been investigated in association with child neurodevelopmental outcomes in several studies. As reviewed by Oken and Bellinger (35) , in the majority of these studies, higher maternal fish intake was associated with higher child development scores, though the effect of mercury levels should be considered. In another study, it was found that low maternal fish intake might increase risk of suboptimal behavioral and cognitive outcomes in offspring (36) . However, in the Seychelles Child Development Study, no significant associations were identified between fish intake and various measures of child development (10) . We also did not see any associations between maternal fish intake and ASD in our exploratory analyses in the primary study group or pregnancy subgroup, though our pregnancy group could have been underpowered to detect differences. Furthermore, intake in our highest category (>1 serving per week) might not have been high enough, given that prior associations were for those with intakes of >2 servings per week. Thus, future studies with large numbers and greater variability in fish intake should examine potential associations with ASD in more detail.
Though speculative at this time, the inverse association seen for those in the highest quartiles of intake of ω-6 fatty acids could be due to biological effects of these fatty acids on brain development. PUFAs have been shown to be important in retinal and brain development in utero (37) and to play roles in signal transduction and gene expression and as components of cell membranes (38, 39) . Maternal stores of fatty acids in adipose tissue are utilized by the fetus toward the end of pregnancy and are necessary for the first 2 months of life in a crucial period of development (37) . The complex effects of fatty acids on inflammatory markers and immune responses could also mediate an association between PUFA and ASD. Activation of the maternal immune system and maternal immune aberrations have been previously associated with autism (5, 40, 41) , and findings suggest that increased interleukin-6 could influence fetal brain development and increase risk of autism and other neuropsychiatric conditions (42) (43) (44) . Although results for effects of ω-6 intake on interleukin-6 levels are inconsistent (45, 46) , maternal immune factors potentially could be affected by PUFA intake (47) .
Although intake of total fat has decreased in the United States from ≈1970 to 2000, relative intakes of types of fat in Western cultures have also changed, with increases in polyunsaturated fats, including linoleic acid (48, 49) . This trend is an argument against a strong independent protective effect of linoleic acid, but the increase in PUFA intake preceded increases in autism prevalence, which suggests other factors might be interacting. Additional research will be needed to determine whether the associations seen in the present study with ω-6 and other PUFAs persist in other studies, and, if so, what underlies them.
Our results provide preliminary evidence that increased maternal intake of ω-6 fatty acids could reduce risk of offspring ASD and that very low intakes of ω-3 fatty acids and linoleic acid could increase risk. Future studies with larger sample sizes and more detailed timing information should consider maternal intake of these fats in association with child neurodevelopment and autism.
